Abstract. An HTS Josephson spectrometer has been designed, fabricated and experimentally studied. The spectrometer circuit consists of a YBCO bicrystal Josephson junction integrated with a double-slot or log-periodic antenna, connected in parallel with a gold low-inductance shunt. The selective detector response and RF response at intermediate frequency f IF = 1.4 GHz were measured in the signal frequency range f s = 400-1250 GHz and the linewidth of Josephson oscillations (LJO) was determined by using three different methods.
Introduction
The millimetre and submillimetre wave spectrometers based on HTS Josephson junctions can operate in the attractive temperature range 4-77 K. Compared with Schottky mixers the Josephson spectrometers (JSs) can have a 2-3 times lower noise temperature. Until now JSs have been based on the processing of the detector response by the Hilbert transform method. Another possible method to obtain the spectrum is to use the processing of the RF signal measured in self-pumped Josephson mixer (SPJM) mode.
In a mixer with self-pumping the input signal at the frequency f s is mixed with the internal Josephson oscillations (JOs). If the input signal is monochromatic, then the linewidth of the output signal at f I F is the same as linewidth of JOs (LJO) and this gives natural estimation for the frequency resolution of such a spectrometer. The losses can be low and resolution high if we reduce the LJO by applying a low-inductance resistive shunt. The minimum value of the double-side-band (DSB) noise temperature in a Josephson mixer (JM) with self-pumping (see [1, 2] ) equals the physical temperature T for f < 0.2f c and increases as 8(f/f c ) 2 with frequency increase above f c . A low-inductance resistive shunt improves the noise temperature of the mixer with an external local oscillator (LO) and the noise temperature of the self-pumped mixer; it also improves resolution of Hilbert spectrometer [3] .
Experimental setup
The integrated receiving structure consists of a YBaCuO Josephson junction formed on a bicrystal MgO or sapphire substrate and Au complementary log-periodic or doubleslot antenna (see figure 1) . The misorientation angle in the bicrystals was 24
• . The YBaCuO film, 80-100 nm thick, was deposited by laser ablation. The 2 µm wide junction has a normal-state resistance of 10 and a critical current of 300 µA, measured at 4. The substrate with integrated receiver structure is attached to the MgO extended hyperhemisphere lens and placed in an LHe cryostat with an optical window. Backward wave oscillators (BWOs) in the frequency ranges 350-650 GHz and 880-1250 GHz are used as signal and LO sources for mixer measurements and receiving structure microwave evaluation. At lower frequencies down to 60 GHz we use also Gunn and IMPATT diode oscillators. A broadband signal from a black-body absorber is combined with the LO signal by using a simple polyethylene beam splitter. For filtering off infrared signal contributions we use black polyethylene and Fluorogold cold filters. The IF signal from the junction is connected to a matching circuit and amplified by a cold 4.2 K amplifier with a cold circulator at the input.
Experimental results
We have measured the selective detector response and IF noise under low BWO power at frequencies up to 1250 GHz. Measurements of the IF noise and the selective detector response can be used for evaluation of the Josephson radiation linewidth. Maxima measured by means of both methods can coincide (see figure 2) when the linewidth of Josephson oscillations exceeds the IF. The calculation of the spectrum from the detector response of the Josephson junction is known as Hilbert spectroscopy [3] . We propose to estimate the Josephson linewidth from the IF dependence, which allows us to simplify the measurement technique and improve sensitivity and frequency resolution. At 500 GHz and 77 K the linewidth is 17 GHz in an unshunted junction and 6 GHz in a junction shunted by a 0.1 resistance. The configuration of the measurement setup in this case is the same as for the JM with self-pumping. The linewidth at 4.2 K and 1000 GHz is 34 GHz for a 20 junction, 28 GHz for a 4 junction An example of such a calculation is presented in figure 3 for a model theoretical curve and in figure 4 for a practical measured curve.
Response processing for spectrum recovery

Discussion
The noise voltage maximum in detector response measurements coincides with the voltage position of the dynamic resistance R d maximum. The position of the latter can be deduced from the analytic expression for the I -V curve near a Shapiro step in the presence of Johnson noise of a normal resistance R 0 . The step smearing is characterized by the dimensionless parameter
where I st is a step half-width in the absence of noise. Exact analytic calculations according to [1] are rather complicated, but for a practical estimation simplified relations can be deduced:
One can see that, when the linewidth of Josephson oscillations exceeds f I F , the maxima for detector response and RF response coincide. For the opposite case the detector response maxima remain at R d maxima positions, and the RF response voltage position is locked to the sidelobes of the self-pumped mixer, i.e. f J ± f if . The sensitivity of these methods in a first iteration depends on the amplifier sensitivity. For low-frequency noise it is 1/f limited and for estimations we can take the low-frequency amplifier voltage sensitivity to be about V n = 5 nV Hz −1/2 . For RF response measurements the cold IF amplifier noise temperature can be below 10 K. Taking into account the conversion gain for the self-pumped mixer that can be of the order of 10 dB, measured input noise temperature of about 1000 K and volt per watt detector sensitivity up to η = 10 6 V W −1 one can estimate the spectrometer sensitivity as follows:
−9 /10 6 = 5 × 10 −15 W Hz The frequency resolution of both methods equals the Josephson oscillation linewidth, which can be greatly improved by means of low-inductance shunting. Such shunting does not affect significantly the sensitivity of the RF response but reduces proportionally the detector sensitivity, which means that for high-resolution low-noise spectroscopy the RF method is preferable. Another advantage of the RF method is that spectral resolution does not depend on the step size and it can have a much wider dynamic range.
Conclusion
We have fabricated a HTS Josephson spectrometer and tested it in mm and sub-mm wave ranges. In the low-frequency or detector response processing we have utilized the Hilbert transform method. The measurement of the RF response is equivalent to the self-pumped mixer mode. For the extraction of the spectrum from the RF response a novel method of Josephson spectroscopy by processing the IF noise dependence has been suggested. This method allows us to simplify the measurement technique, to improve greatly the sensitivity and dynamic range and to increase the spectral resolution by low-inductance shunting without reduction of sensitivity.
